Background/Aims: The activation of complement system and the formation of C5b-9 complex have been confirmed in the glomeruli of patients with mesangioproliferative glomerulonephritis (MsPGN). However, the role and mechanism of C5b-9-induced injury in glomerular mesangial cell (GMC) are poorly understood. Rat Thy-1N is an animal model for studying MsPGN. It has been revealed that the attack of C5b-9 to the GMC in rat Thy-1N is sublytic, and sublytic C5b-9 can cause GMC apoptosis, but the underlying mechanism is not fully elucidated. To explore the role and regulatory mechanism of C5b-9 in MsPGN lesion, we used rat Thy-1N model and first detected the change of microRNA (miRNA) profiles both in Thy-1N rat renal tissues (in vivo) and in the cultured GMCs with sublytic C5b-9 stimulation (in vitro). Then we determined the effect of miR-3546, which increased both in vivo and in vitro, on GMC apoptosis upon sublytic C5b-9 as well as the involved mechanism. Methods: Rat Thy-1N model was established and GMCs were treated with sublytic C5b-9. The rat renal cortex and the stimulated GMCs were obtained for miRNA microarray detection. Subsequently, the increased miRNAs were verified by real-time PCR. Meanwhile, to ascertain the ability of some miRNAs to upregulate cleaved caspase 3 and induce GMC apoptosis, the corresponding miRNA mimics were transfected into GMCs, followed by western blotting (WB) and flow cytometry mesurement. Thereafter, the miR-3546-targeted gene (SOX4) was predicted using bioinformatics approaches, and SOX4 expression in Thy-1N tissues and in the GMCs upon sublytic C5b-9 stimulation or miR-3546 mimic/inhibitor transfection were detected using real-time PCR and WB. To prove that miR- Yao et al.: Sublytic C5b-9 Induces GMC Apoptosis via miR-3546/SOX4/Survivin 3546 can affect SOX4 gene transcription and SOX4 can regulate survivin expression, dual luciferase reporter assay, real-time PCR, WB and chromatin immunoprecipitation (ChIP) assays were performed. Furthermore, the role of miR-3546/SOX4/survivin axis in the GMC apoptosis induced by sublytic C5b-9 was examined using WB and flow cytometry. Results: Compared with normal renal tissues and untreated GMCs, there were 43 and 62 upregulated miRNAs (>2-fold) in Thy-1N tissues and sublytic C5b-9-stimulated GMCs respectively. A total of 17 miRNAs were increased both in vivo and in vitro, 11 of which were validated by real-time PCR. Among them, miR-3546 could markedly promote GMC apoptosis and inhibit SOX4 or survivin expression in response to sublytic C5b-9, and either SOX4 or survivin overexpression markedly rescued the GMC apoptosis mediated by miR-3546 mimic. Additionally, SOX4 overexpression could reverse the survivin suppression by miR-3546 mimic, and SOX4 could bind to survivin promoter (-1,278 to -853 nt) and activate survivin gene transcription. Conclusion: MiR-3546/ SOX4/survivin axis has a promoting role in the GMC apoptosis triggered by sublytic C5b-9, and our findings may provide a new insight into the pathogenesis of rat Thy-1N and human MsPGN.
Introduction
Mesangioproliferative glomerulonephritis (MsPGN) is a disease with high incidence in human, such as IgA nephropathy [1] . The apoptosis and proliferation of glomerular mesangial cell (GMC) in MsPGN appear to be crucial in the subsequent increase of extracellular matrix (ECM) and the development of glomerulosclerosis [2, 3] . Although complement membrane attack complex, i.e. C5b-9, has been observed on the GMC of patients with MsPGN [4] [5] [6] , the relationship between C5b-9 formation and GMC lesion of MsPGN is still unclear. Rat Thy-1 nephritis (Thy-1N) is a widely-used animal model for studying MsPGN [7] [8] [9] [10] [11] . Thy-1 antibody (Thy-1Ab), namely anti-thymocyte serum (ATS), administered into rats can bind to the Thy-1 antigen on GMC membrane, form immune complexes (IC), and then activate complement system resulting in cell injury. It is known that the principal mediator of GMC damage in Thy-1N is C5b-9 complex [7] , and our previous experiments have confirmed that although C5b-9 is found on the GMCs of Thy-1N rat, the GMCs still remain intact, indicating that the effect of C5b-9 on GMCs is sublytic [12] [13] [14] . In vitro, sublytic C5b-9 complex can be formed on GMC surface with a sublytic dose of Thy-1 Ab (namely ATS) and normal human serum [15, 16] , and it has been documented that sublytic C5b-9 could be assembled on mouse podocytes using rabbit anti-MPC5 (immortalized mouse podocyte cells, MPC5) serum and healthy human serum [17] . Besides, our previous studies have revealed that sublytic C5b-9 stimulation can lead to GMC apoptosis, and the apoptotic GMCs are thought to be a potential contributor to the renal lesion of Thy-1N rat [13, 16, 18] .
Generally, C5b-9 complex can trigger dose-dependent signals related to target cell death and survival by membrane insertion. A study has point out that sublytic C5b-9 could induce receptor-interacting protein kinase 1 (RIPK1), receptor-interacting protein kinase 3 (RIPK3) and mixed-lineage kinase domain-like protein (MLKL) activation in cells, contributing to complement-dependent cytotoxicity [19] . Our previous research has also found that the expression of some transcription factors, e.g. activating transcription factor 3 (ATF3), early growth response gene 1 (Egr-1) and interferon regulatory factor 1 (IRF1), as well as proapoptosis molecules, e.g. growth arrest and DNA damage-inducible protein 45 (Gadd45), X-linked inhibitor of apoptosis-associated factor 1 (XAF1) and caspase 8, can significantly increase in rat GMCs attacked by sublytic C5b-9, which ultimately promote sublytic C5b-9-induced GMC apoptosis [15, 16, 18, 20] .
It is well accepted that protein post-translational modifications (PTMs) and micro RNA (miRNA) regulation can play an important role to target gene expression in the process of cell apoptosis [21, 22] . Our former experiments have demonstrated that GMC apoptosis evoked by sublytic C5b-9 in Thy-1N rats is not only associated with the overexpression of some transcription factors such as ATF3, IRF1, but also relevant to the upregulation of some transcription coregulators including histone acetyltransferase (HATs, e.g. p300) causing the acetylation of ATF3 or IRF1 modified by p300 [15, 18] . However, the changes of miRNA expression profile both in the renal tissues of Thy-1N rats (in vivo) and in the GMCs stimulated with sublytic C5b-9 (in vitro), along with the miRNA regulatory effects on the GMC apoptosis upon sublytic C5b-9 in rat Thy-1N, remain unknown.
MiRNAs, act as endogenous small non-coding RNAs, can regulate some gene expression by binding to complementary sites in the 3` untranslated region (3`UTR) of their target mRNAs, and promote degradation of the target mRNAs or inhibit their translation [21, 23] . Increasing evidence has proved that miRNAs can affect malignancies [24, 25] , viral infection [26] , diabetes [27] and IgA nephropathy [28] . Thus, the role of miRNA in the GMCs attacked by sublytic C5b-9 in Thy-1N rat needs to be clarified.
In the current study, we first determined whether miRNA expression in the renal tissues of Thy-1N rat (in vivo) and in GMCs stimulated with sublytic C5b-9 (in vitro) were changed, and then which miRNAs upregulated both in vivo and in vitro were involved in sublytic C5b-9-induced GMC apoptosis. Finally, the effect of miR-3546 on the apoptosis of GMCs in response to sublytic C5b-9 treatment and the embedded regulatory mechanism were further explored.
Materials and Methods

Animals, cell lines and reagents
Male Sprague-Dawley (SD) rats (180-200g) were purchased from B&K Universal Ltd. (Shanghai, China). Rat GMC line (HBZY-1) was provided by China Center for Type Culture Collection (Wuhan, Hubei, China). HEK-293T cells were obtained from the American Tissue Culture Collection (ATCC, Manassas, VA, USA). Rabbit polyclonal anti-Thy-1 serum (Thy-1 antibody, Thy-1 Ab) was prepared in our laboratory according to previously published procedures [11, 12] . Normal human serum (NHS) from 20 healthy adult donors was used as a source of complement. Heat-inactivated serum (HIS) was obtained by incubation of NHS at 56°C for 30 min. Human complement C6-deficient serum (C6DS) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). Recombinant human C6 was obtained from Sino Biological Inc. (Beijing, China). Rat miRNA microarray was the product of Agilent Technologies (Santa Clara, CA). Lipofectamine 2000 was purchased from Invitrogen (Carlsbad, CA, USA). The vector pIRES2-EGFP was supplied by Clontech (Mountain View, CA, USA). The pGL3-promoter, pGL3-basic and pRL-SV40 luciferase reporter vectors as well as the dualluciferase reporter assay kit were purchased from Promega (Madison, WI, USA). QuickCut TM Restriction Endonucleases, PrimeSTAR Max DNA Polymerase and PrimeScript™ RT reagent kit were purchased from TaKaRa (Shiga, Japan). Bulge-Loop TM RT primers and miRNA qRT-PCR primers were designed and produced by RiboBio (Guangzhou, China). SYBR ® Green Master Mix and HiScript ® Ⅱ qRT SuperMix were purchased from Vazyme (Nanjing, China). Monoclonal antibodies against caspase 3, survivin, SOX4 and polyclonal Ab against rat C5b-9 were provided by Santa Cruz (Santa Cruz, CA, USA). Anti-b-actin Ab was purchased from Abcam (Cambridge, UK). HRP-conjugated anti-mouse and anti-goat IgG were obtained from Cell Signaling Technology (Beverly, MA, USA). DAB HRP substrate kit was purchased from Beyotime (Shanghai, China). The chromatin immunoprecipitation (ChIP) assay kit was provided by Millipore (Bedford, MA, USA). AnnexinV Alexa Fluor 647/PI apoptosis detection kit was the product of Fcmacs (Nanjing, China).
Thy-1N model establishment SD rats were divided into two groups (n = 5 in each time point/group), namely Thy-1N group and normal rabbit serum (NS) group. For Thy-1N or NS group, SD rats were given rabbit anti-Thy-1 serum containing Thy-1 Ab (a titer of 1:1280, 0.75ml/100g) or the same dose of normal rabbit serum for control by intravenous injection [11, 13] . Thereafter, rats were sacrificed and the samples of renal cortex were obtained. All animal experiments were performed in compliance with the guidelines for the care and use of laboratory animals and approved by the Institutional Animal Care and Use Committee of Nanjing Medical University. GMCs culture and sublytic C5b-9 determination Rat GMCs were cultured in modified Eagle's medium (MEM) supplemented with 10% fetal bovine serum (FBS) as previously described [13, 15] . Rabbit Thy-1 Ab and normal human sera (NHS, provide heterologous complement) were used to assemble C5b-9 on rat GMC membrane to avoid homologous restriction factors such as CD59 [29] , which can disrupt C5b-9 formation on the cell membrane [10, 30, 31] .
To ensure that C5b-9 attack was insufficient to lead to cell lysis, lactate dehydrogenase (LDH) was detected in the supernatant of cultured GMCs and <0.5% LDH release was regarded as a sublytic effect [13, 32, 33] .
Based on a checkerboard titration test, the suitable concentration of Thy-1 Ab and NHS used in this study was 5% Thy-1 Ab and 3% NHS respectively. To prove that the effect on GMCs was indeed due to sublytic C5b-9 stimulation, GMCs were treated with 5% Thy-1 Ab + 3% NHS (namely sublytic C5b-9 group), and 5 control groups, namely 5% Thy-1 Ab, 5% Thy-1 Ab + 3% HIS, 5% Thy-1 Ab + 3% C6DS, 5% Thy-1 Ab + 3% C6DS + C6 (2 mg/L) and MEM [15, 16] .
Immunohistochemical examination
Freshly frozen sections (4 μm) of the rat renal tissues were examined by immunohistochemical staining to determine the C5b-9 formation in rat glomeruli (at 10 minutes after Thy-1 Ab or normal rabbit serum injection). All sections were immersed with 5% normal rabbit serum (1:20) for 30 min to reduce non-specific background staining, and then incubated with goat anti-rat C5b-9 polyclonal Ab (diluted 1:200), followed by HRP-conjugated secondary Ab incubation. The sections were visualized using a DAB HRP substrate kit and observed directly under light microscopy (LM).
miRNA arrays
The changes in miRNA expression profiles in the renal tissues of Thy-1N rat (in vivo) and GMCs stimulated by sublytic C5b-9 (in vitro) were determined using the rat miRNA microarray, which contain probes for 719 microRNAs from miRBase database (Release 19.0). The rat miRNA microarray assay and data analysis were performed at Shanghai Biotechnology Corporation according to the protocols of the Agilent miRNA microarray system. Briefly, miRNAs molecules in total RNA extracted from the renal tissues of Thy-1N rats or the GMCs stimulated by sublytic C5b-9 were labeled, and then each slide was hybridized with 100ng Cy3-labeled RNA using miRNA complete labeling and Hyb kit according to the manufacturer's instructions. The agilent microarray scanner G2565BA and feature extraction software 10.7 were used to scan the slides with default settings. Raw data were normalized by quantile algorithm, gene spring software 11.0.
MiRNA mimics or miR-3546 inhibitor synthesis and transfection
The mimics of miR-21-3p, miR-134-5p, miR-150-3p, miR-202-3p, miR-212-3p, miR-298-5p, miR328a-5p, miR-409-3p, miR-3546, miR-3564, miR-3584-5p, negative control and FAM labeled negative control as well as miR-3546 inhibitor, inhibitor negative control and FAM labeled inhibitor negative control were purchased from GenePharma (Shanghai, China). These miRNA mimics and miR-3546 inhibitor were transfected by lipofectamine 2000 reagent, and the transfection efficiency was examined by the fluorescence of FAM. Three different concentrations (40nM, 80nM and 160nM) were used in dose-dependent experiment of miRNA mimics. The final concentrations were 80nM and 160nM for miRNA mimics and miR-3546 inhibitor, separately.
Plasmids construction and transfection
To construct the plasmids of wild type (WT) and mutant (mut) SOX4 3`UTR, the selected region of SOX4 3`UTR including position 1072-1078 (target region of miR-3546) was amplified and inserted into the XbaI site of the pGL3-promoter vector. The mut SOX4 3`UTR was constructed by General Biosystems, Inc (Chuzhou, China). The primers were designed as follows: 5`-GCTCTAGAGTTGTTATTGATGTTGGTGGTG-3` (forward) and 5`-GCTCTAGAAGATGGAGCGTCCGTGAG-3` (reverse).
Meanwhile, the plasmids of rat SOX4 and survivin were constructed. The coding fragment of SOX4 or survivin was amplified using the primers (pIRES2/SOX4, forward 5`-CGGAATTCGAGACTCTAGGTTGGCGG-3` and reverse 5`-CGGGATCCTCTCCTTTCTCCTTCCACTCTCCA-3`; Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry pIRES2/survivin, forward 5`-CGGAATTCTCATGGGTGCTACGGC-3` and reverse 5`-CGGGATCCTAGGAGGACTCATCAGAAGG-3`) from normal rat complementary DNA (cDNA) and inserted into the EcoRI/BamHI sites of the pIRES2-EGFP vector. Besides, rat SOX4 shRNA plasmid pGpU6/GFP/Neo-SOX4 (shSOX4-1, 5`-GGGCTCTTCGTCGTCCGATGA-3`,shSOX4-2, 5`-GCCAAGAGGCAGGAGAGGAGA-3`), and survivin shRNA plasmid pGpU6/GFP/Neo-suvivin (5`-CCGAGAATGAGCCTGATTTTT-3`) as well as scrambled control shRNA (shCON) were also constructed by GenePharma. These plasmids were transfected into GMCs by lipofectamine 2000. The transfection efficiency was determined by green fluorescence protein (GFP) or corresponding proteins.
Additionally, the plasmids of pGL3/survivin full-length promoter (FL, -4, 300 to -1nt) and four truncated promoters (-4, 160 to -1nt, -3, 180 to -1nt, -2, 620 to -1nt, and -2, 130 to -1nt) were constructed by inserting rat survivin promoter fragments into the SmaI/XhoI sites of the pGL3-basic vector. The primers were designed as follows:
FL, 5`-TCCCCCGGGCACATTTGACCTGGGCCAG-3` (forward); -4, 160 to -1nt,
(forward); -2, 130 to -1nt, 5`-TCCCCCGGGCTAGCCTTTGACCAGTTGA-3` (forward) All reverse primers were 5`-CCGCTCGAGAGCGTCGCCACAATCCCTAATT-3`.
Quantitative real-time PCR
Total RNA was extracted from the rat renal tissues and GMCs using TRIzol reagent. For miRNA or mRNA detection, 1mg RNA was reverse transcribed into cDNA using PrimeScript™ RT reagent kit and specific Bulge-Loop TM RT primers or HiScript ® Ⅱ qRT SuperMix respectively. Then, quantitative real-time PCR (qPCR) was performed using specific Bulge-Loop TM miRNA qRT-PCR primers or specific primers and SYBR ® Green Master Mix in a Bio Rad CFX96 system. The primers were designed as follows:
(reverse). All samples were normalized to internal control U6 or b-actin. Fold changes were calculated with the 2 -ΔΔ Ct method.
Western blotting (WB)
Rat renal tissues and GMCs were lysed using RIPA lysis buffer, followed by BCA protein quantification.
Extracted protein samples (40 mg per lane) were separated using 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto polyvinylidene fluoride (PVDF) membrane. After blocking with 5% non-fat milk in TBS-T buffer for 1 h, the membranes were incubated with anti-caspase 3 (dilution 1:200), anti-SOX4 (1:200), anti-survivin (1:200) and anti-b-actin (1:1000) respectively. Washed with TBS-T, the membranes were further incubated with HRP-conjugated anti-mouse IgG (1:10000) for 1 h. The bands were visualized by regular X-ray film using an ECL detection system. The density of the bands was analyzed using Quantity One software (Bio-Rad).
Rescue assays PIRES2/SOX4, pIRES2/survivin or pIRES2-EGFP (500ng) and miR-3546 mimic or CON mimic (80nM) were co-transfected into GMCs. At 48 h after transfection, the expression of SOX4 and survivin were detected by WB, and meantime apoptotic GMC numbers were detected by flow cytometry.
Dual luciferase reporter assay
GMCs were transfected with a mixture of 500ng pGL3-promoter/WT SOX4 3`UTR or pGL3-promoter/ mut SOX4 3`UTR and 2.5ng pRL-SV40 using lipofectamine 2000. At 48 h after transfection, GMCs were treated or untreated with sublytic C5b-9 for 3 h. HEK-293T cells were co-transfected for 48 h with a mixture of 125ng pGL3-promoter/WT SOX4 3`UTR or pGL3-promoter/mut SOX4 3`UTR, 0.625ng pRL-SV40 and Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry 40pmol miR-3546 mimic. Then, the luciferase activity of WT or mut SOX4 3`UTR reporter was measured using a dual-luciferase reporter assay kit. For survivin promoter activity, GMCs or HEK-293T cells were transfected with corresponding plasmids. Here, GMCs transfected with 500ng FL promoter of survivin and 2.5ng pRL-SV40 for 48h were treated or untreated with sublytic C5b-9 for 3h. Additionally, GMCs or HEK-293T cells were transfected with 125ng FL or different deletion promoter reporters of survivin, 0.625ng pRL-SV40 and 500ng pIRES2/SOX4 for 48h. Then, the promoter activity of survivin was detected using the same method above-mentioned.
ChIP assays
ChIP assays were performed using chromatin immunoprecipitation kit. Anti-SOX4 and normal mouse IgG were used for immunoprecipitation of crosslinked protein/DNA respectively. Five regions in surivin promoter (-2, 130 to +1nt) were amplified from the immunoprecipitated chromatin by PCR using corresponding primers (-2, 130 to -1, 705nt, forward 5`-CTAGCCTTTGACCAGTTGA-3` and reverse 5`-TAGCTATCCCAAAAGCTGTT-3`; -1, 704 to -1, 279nt, forward 5`-CCCGCTCGTTGTTCGGGAC-3` and reverse 5`-TCCAGATGCCTGTGGTGTA-3`; -1, 278 to -853nt, forward 5`-AGAGTCCTGTCTGAACCGG-3` and reverse 5`-GGCACATCCCGAGCACAGC-3`; -852 to -427nt, forward 5`-CAGCCTGCTGTCTGTAGTG-3` and reverse 5`-GGGTTTGCAGGCCCTGGCC-3`; -426 to -1nt, forward 5`-GAAGGAGGAAGAAACCGC-3` and reverse 5`-AGCGTCGCCACAATCCCTAATT-3`). GMCs were stimulated with sublytic C5b-9 for 3h or transfected with pIRES2/SOX4 for 48h, the binding level of SOX4 on survivin promoter was detected by ChIP-qPCR assay (forward primer, 5`-CTGGAGAGCTTTAGGGTAGGG-3` and reverse primer 5`-CCAGGCCACTTCACAGATTG-3`). The results were normalized to input.
Flow cytometry
Rat GMCs were transfected with miR-3546 mimic or inhibitor and corresponding plasmids as mentioned above. At 48 h after transfection, GMCs were treated or untreated with sublytic C5b-9 for 3 h. The percentage of apoptosis cells in a 10, 000-cell cohort was analyzed by CytExpert software.
Statistical analysis
All experiments were repeated at least three times. Statistical analyses were performed using GraphPad Prism 5.0. All data are presented as means ± SE. One-way analysis of variance (ANOVA) with Turkey's multiple comparison tests was used to determine significant differences with more than two groups. Unpaired student's t-test was used to analyze the difference between two groups. Values of p<0.05 were considered significant.
Results
Identification of miRNAs upregulated both in the renal tissues of Thy-1N rats and in the
GMCs stimulated with sublytic C5b-9
In the first place, we found C5b-9 formation on the GMCs in Thy-1N group rat but not in NS group rat at 10 minutes after Thy-1 Ab or normal rabbit serum injection (Fig. 1A) . Then, to find the changes of miRNA expression both in the rat Thy-1N tissues (in vivo, compared with normal rat renal tissues) and in the GMCs exposed to sublytic C5b-9 (in vitro, compared with untreated GMCs), the miRNA array profiling (containing 719 miRNAs) was performed. The data showed that, there were 43 upregulated miRNAs and 21 downregulated miRNAs in vivo, and 62 upregulated and 31 downregulated miRNAs were found in vitro (> 2-fold, Fig. 1B, 1C) . Specifically, as for the upregulated miRNAs, there were 25 (1h), 23 (2h) and 37 (3h) increased miRNAs in vivo (Fig. 1D) , and 26 (1h), 30 (2h) and 60 (3h) in vitro (Fig. 1E) . From venn diagram, we found that 17 miRNAs were in the overlap of enhanced miRNAs both in vivo and in vitro (Fig. 1B) . Subsequently, the relative expression levels of these 17 miRNAs were depicted by Heatmap (Fig. 1F) , and were further verified by real-time PCR. As shown in Fig. 1G and 1H, 11 miRNAs among the fore-mentioned 17 miRNAs were confirmed 
MiRNA-promoted cleaved caspase 3 expression and the association of miR-3546 with the GMC apoptosis upon sublytic C5b-9
To identify the GMC apoptosis-related miRNAs among the fore-mentioned 11 miRNAs increased both in vivo and in vitro, we analyzed the relationship between their expression and cleaved caspase 3 level. Firstly, the rat GMCs were transfected with the mimics of miR-21-3p, miR-134-5p, miR-150-3p, miR-202-3p, miR-212-3p, miR-298-5p, miR-328a-5p, miR-409-3p, miR-3546, miR-3564, and miR-3584-5p respectively, and then WB was performed to detect caspase 3 expression. The results displayed that the mimics of miR-150-3p, miR328a-5p, miR-409-3p, miR-3546 and miR-3584-5p could obviously increase the levels of cleaved caspase 3 in rat GMCs ( Fig. 2A) . Here, though the cleaved caspase 3 upregulation was not the most significant in the GMCs transfected with miR-3546 mimic, we found that miR-3546 mimic had the best performance in promoting the cleaved caspase 3 expression in the subsequent dose-dependent experiments (Fig. 2B) . Thus, we focused on miR-3546 and further measured the change of GMC apoptosis at 48h after transfection with miR-3546 mimic or inhibitor following with sublytic C5b-9 treatment for 3h. The analysis of flow cytometry showed that the numbers of apoptotic GMCs were remarkably increased by sublytic C5b-9 stimulation and miR-3546 mimic transfection, and were notably decreased after miR-3546 inhibitor transfection following with sublytic C5b-9 incubation (Fig. 2C) .
Prediction the miR-3546 target genes and detection SOX4 expression both in the renal tissue of Thy-1N rats and in the GMCs upon sublytic C5b-9
To further explore the molecular mechanism of upregulated miR-3546 promoting GMC apoptosis upon sublytic C5b-9 treatment, we used bioinformatics tools (TargetScan, miRDB) to predict putative target genes of miR-3546. The results showed that there were 1, 050 miR-3546 targeted genes in total, and further analysis by PANTHER classification system [34] showed that 73 genes were transcription factors, among which 8 genes are related to cell apoptosis (Fig. 3A) . Because SOX4 was the only downregulated transcription factor both in vivo and in vitro (RT-PCR data not shown), it was selected to be further studied. The time course experiments demonstrated that along with miR-3546 level increased (peaked at 2h in vivo and at 3h in vitro, Fig. 1F, 1G ), the expression of SOX4 was reduced concomitantly (the mRNA and protein levels minimized at 2 h and 3 h in vivo, and at 3 h in vitro, Fig. 3B , 3C, 3G and 3H). These results suggest that expression of miR-3546 is negative correlated with SOX4 expression.
Next, to prove that the decrease of SOX4 and the increase of miR-3546 expression in the renal tissues were induced by Thy-1N, SD rats were injected with rabbit normal serum (NS) or anti-Thy-1 serum (containing Thy-1 Ab). At 3h after the nephritis initiation, the mRNA and protein of SOX4 as well as the level of miR-3546 were examined. The results showed that SOX4 expression in Thy-1N group was lower than that in NS group (Fig. 3D and 3E) , and while miR-3546 level was higher in the Thy-1N group (Fig. 3F) . To further confirm that the similar change in SOX4 and miR-3546 expression in rat GMCs was in fact due to sublytic C5b-9 stimulation, rat GMCs were treated with MEM, sublytic Cb-9, Thy-1 Ab, Thy-1Ab + HIS, Thy-1 Ab + C6DS, or Thy-1 Ab + C6DS + C6 (adding C6 back to C6DS) for 3 h, and only sublytic C5b-9 and Thy-1 Ab + C6DS + C6 (forming sublytic C5b-9 again) remarkably decreased SOX4 expression ( Fig. 3I and 3J ) and notably promoted miR-3546 expression (Fig. 3K) , implying that the reduction of SOX4 and increase of miR-3546 were indeed induced by sublytic C5b-9.
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Effects of miR-3546 on the expression and 3`UTR activity of SOX4 gene in the GMCs stimulated by sublytic C5b-9
To determine the direct effect of miR-3546 on SOX4 expression, rat GMCs were transfected with miR-3546 mimic or inhibitor, followed by SOX4 detection. The results showed that in the GMCs transfected with miR-3546 mimic (Fig. 4A) , SOX4 mRNA and protein were significantly reduced (Fig. 4B, 4C) . Meantime, after GMCs were transfected with miR-3546 inhibitor followed by sublytic C5b-9 treatment for 3h (Fig. 4D) , the SOX4 
Role of SOX4 and miR-3546 in regulating survivin gene expression of the GMCs treated with sublytic C5b-9
It is well known that both SOX4, a transcriptional activator and survivin, an antiapoptotic molecule, can regulate cell apoptosis [35, 36] , but whether SOX4 could regulate survivin remains unclear. Hence, we firstly detected the survivin expression both in the renal tissues of Thy-1N rats (in vivo) and in the GMCs treated with sublytic C5b-9 (in vitro). Our time course experiments showed that the survivin expression decreased markedly, reaching its lowest level at 3 h both in vivo and in vitro (Fig. 5A, 5C) . Moreover, the level of survivin protein in Thy-1N rats significantly diminished compared with NS group (Fig. 5B) . In rat GMCs treated with sublytic C5b-9 or Thy-1 Ab + C6DS + C6, the level of survivin expression was also remarkably reduced (Fig. 5D ). These findings demonstrated that the decrease phase of survivin gene expression was similar to that of SOX4 gene expression, suggesting a potential relationship between survivin and SOX4. To verify this relationship in GMCs, we constructed plasmids of SOX4 overexpression and short hairpin RNA (shRNA), and utilized two shSOX4 plasmids to avoid off-target effect. Thereafter, the GMCs were transfected with the plasmids of SOX4 overexpression (pIRES2/SOX4) or shSOX4 (shSOX4-1, shSOX4-2), with or without sublytic C5b-9 stimulation for 3h. The results showed that SOX4 overexpression markedly enhanced survivin expression. When the cells were treated with sublytic C5b-9 for 3h, the survivin expression was declined together with SOX4 reduction (Fig. 5E ). On the other hand, silence of SOX4 gene in the GMCs transfected with shSOX4-1 and shSOX4-2 could notably lessen the survivin expression, which was even more significant in the presence of sublytic C5b-9 attack (Fig. 5F ). Besides, miR-3546 mimic or miR-3546 inhibitor (followed by sublytic C5b-9 treatment for 3h) also eminently reduced or increased survivin protein level respectively (Fig. 5G, 5H) . Furthermore, pIRES2/SOX4 could rescue the survivin repression by miR-3546 mimic in GMCs (Fig. 5I) . Together, these data implicate that the expression of survivin is truly regulated by SOX4 and miR-3546.
Effect of SOX4 on the survivin gene transcription and identification of binding site for SOX4
on survivin promoter To confirm that SOX4 can directly affect survivin gene transcription, the reporter plasmids of full-length (FL) and four truncated fragments of survivin promoters, according to the SOX4 binding site prediction by JASPAR database (Fig. 6B) , were constructed and transfected into GMCs or HEK-293T cells. Then, the activity of survivin promoter was measured, and the results showed that the survivin FL promoter activity was markedly suppressed by sublytic C5b-9 (Fig. 6A) . Meantime, the activities of FL and 4 truncated survivin promoters in the GMCs were significantly augmented by SOX4 overexpression (Fig. 6C) . Similar results were obtained in HEK-293T cells (Fig. 6D) . To further determine SOX4-binding site on survivin promoter, ChIP-PCR assay was performed using five pairs of primers designed to amplify corresponding survivin promoter regions (Fig. 6E) , and the results showed that the -1, 278 to -853 nt region of survivin promoter was the effective binding site of SOX4 (Fig. 6F) . Furthermore, the ChIP-qPCR results exhibited that sublyic C5b-9 stimulation or pIRES2/ SOX4 plasmid transfection markedly decreased or increased the binding level of SOX4 on the region of survivin promoter in GMCs (Fig. 6G) . Collectively, these findings revealed that SOX4 could directly boost survivin gene transcription in the GMCs stimulated by sublytic C5b-9.
Effects of miR-3546/SOX4/survivin axis on sublytic C5b-9-induced cleaved caspase 3 expression and GMC apoptosis
To investigate the role of miR-3546/SOX4/survivin axis in cleaved caspase 3 expression and cell apoptosis in the GMCs triggered by sublytic C5b-9, the GMCs were transfected with the expression plasmids of SOX4 or survivin (pIRES2/SOX4, pIRES2/survivin) or shRNA (shSOX4-1, shSOX4-2, shsurvivin, with or without sublytic C5b-9 stimulation for 3h). The results showed that SOX4 overexpression markedly lowered the cleaved caspase 3 level in GMCs even though with sublytic C5b-9 incubation (Fig. 7A) , it also decreased the numbers of apoptotic GMCs (Fig. 7E) . Contrarily, silence of SOX4 gene remarkably elevated the
Discussion
Human mesangioproliferative glomerulonephritis (MsPGN), e.g. IgA nephropathy, is a kidney disease with high incidence [1] . Although complement system activation leading to the production of terminal C5b-9 complex has been found in the renal mesangium of MsPGN patients [4, 37, 38] , the relationship between C5b-9 and GMC lesion as well as the role and mechanism of C5b-9-mediated GMC injury remains unclear. Rat Thy-1N is a well-accepted animal model for studying MsPGN [7] . In order to solve above-mentioned problems of human MsPGN, we used the rat model of Thy-1N to perform a series of experiments. Reportedly, in the process of Thy-1N induction, rat GMCs showed different pathological changes such as cell apoptosis and proliferation as well as inflammatory cytokine secretion [10, 11, 30, 31] . Our previous experiments have proved that the GMC injury in the rats with Thy-1N is sublytic C5b-9-dependent [10, 18, 30] . As for the sublytic C5b-9-induced GMC apoptosis, sublytic C5b-9 attack can activate pro-apoptotic signals, and increase the expression of numerous pro-apoptosis factors or molecules [13, 16, 18] . Because apoptotic GMCs are thought to potential contributor to the renal damage of Thy-1N rat, the role and mechanism of GMC apoptosis upon sublytic C5b-9 stimulation in Thy-1N rats needs to be further clarified.
It is well known that cell apoptosis in some nephritis is modulated by many regulatory factors e.g. transcription factors and transcriptional coregulators as well as miRNAs [9, 15, 18, 24, 39] . Our previous studies have demonstrated that the GMC apoptosis evoked by sublytic C5b-9 in rat Thy-1N is associated with the upregulation of some specific transcription factors (e.g. IRF-1) and transcriptional coregulators (e.g. p300) as well as the acetylation of transcription factors (e.g. IRF-1 acetylation by p300) [15, 18, 20] . Recently, several experiments have revealed that miR-200a and miR-1469 are involved in regulating cell apoptosis [24, 40] . Given that miRNAs can affect target gene expression by binding to the complementary sites of mRNAs 3` UTR causing mRNA degradation or translation inhibition [21, 23] , and many researchers have found that miRNAs such as miR-148b, miR-29c and miR-29b are important regulators of viral infection, cancer or diabetes including MsPGN [24-28, 39, 41] , the effects of miRNAs on the GMC apoptosis mediated by sublytic C5b-9 in Thy-1N rats and the underlying mechanism needs to be explored.
In the present study, rat Thy-1N model was firstly established, with the sublytic C5b-9 complex on rat GMC membrane assembled, then the changes in miRNA expression profile both in the renal tissues of Thy-1N rats (in vivo) and in the GMCs stimulated by sublytic C5b-9 (in vitro) were detected and analyzed through miRNA microarray. The data revealed that a total of 17 miRNAs increased simultaneously both in vivo and in vitro, 11 of which were further validated by real-time PCR as being upregulated. In order to identify the GMC apoptosis-related miRNA, these 11 miRNAs were overexpressed in rat GMCs, and the results demonstrated that miR-150-3p, miR-328a-5p, miR-409-3p, miR-3546 and miR-3584-5p markedly increased the expression of cleaved caspase 3 (a marker of cell apoptosis), especially miR-3546. Besides, our data showed a marked elevation of miR-3546 level both in the renal tissue of Thy-1N rats (peaked at 2h in vivo) and in the GMCs stimulated with sublytic C5b-9 (peaked at 3h in vitro). Furthermore, increase of miR-3546 activity by mimic or decrease of miR-3546 activity by inhibitor in the GMCs could significantly increase or decrease the number of apoptotic GMCs upon sublytic C5b-9 incubation. Based on these results, miR-3546 was selected to further determine its effect on sublytic C5b-9-triggered GMC apoptosis and the related regulatory mechanism. Notably, miR-3546 belongs to miR-208 family, and though several documents have pointed out that miR-208 has regulatory role in myocardial injury [42] [43] [44] , there has not been any report about the function of miR-3546.
As is mentioned above, miRNAs can bind to the complementary sites in the 3`UTR of mRNAs, leading to mRNA degradation or translation inhibition, and ultimately regulating target gene expression [21, 23] . To further study the role of miR-3546 in sublytic C5b-9-induced GMC apoptosis, we used several bioinformatics tools to predict putative target gene of miR-3546. Since it has been reported that SOX4 can promote cell proliferation and inhibit cell apoptosis in diabetes and many cancers [45] [46] [47] , the detection of SOX4 expression both Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry in vivo and in vitro were then carried out and the results exhibited that SOX4 expression was reduced remarkably. Meantime, the SOX4 expression in the GMCs could be greatly suppressed or enhanced by the mimic or inhibitor of miR-3546 respectively. In addition, overexpression or knockdown of SOX4 gene could impede or facilitate GMC apoptosis triggered by sublytic C5b-9, and SOX4 overexpression could significantly reverse the GMC apoptosis mediated by miR-3546 mimic. Mechanically, miR-3546 could bind to the 3`UTR of SOX4 mRNA and markedly inhibit its activity. Collectively, these data indicate that miR-3546 in rat GMCs can be upregulated by sublytic C5b-9 stimulation and enhanced GMC apoptosis via directly targeting SOX4. Here, it is worth mentioning that Pramoonjago P et al. [48] have reported that SOX4 repression could cause ACC3 cells apoptosis. Similarly, our present data also proved an anti-apoptotic function of SOX4 in rat GMCs with the attack of sublytic C5b-9.
A recent study has shown that SOX4 inhibition could induce melanoma cell apoptosis via p65 downregulation [49] . Given that SOX4 can be inhibited by miR-3546 in sublytic C5b-9-induced GMC apoptosis, we hypothesized that downstream to SOX4 is some anti-apoptosis molecules which expression level might be downregulated in our experimental model as well. To test our hypothesis, we focused on the inhibitor of apoptosis gene (IAP) family members such as survivin, because several studies have confirmed that survivin is capable of regulating cell apoptosis [50] [51] [52] , e.g. sodium arsenite can depress survivin expression, leading to cell growth inhibition and adult T-cell leukemia (ATL) cells apoptosis [53] . The subsequent experiments proved that the level of survivin was decreased both in vivo and in vitro, and the downregulation phase of survivin expression was similar to that of SOX4. Moreover, the overexpression or knockdown of SOX4 gene could significantly enhance or suppress the survivin synthesis in rat GMCs separately. Notably, miR-3546 could indirectly affect survivin expression via SOX4, and SOX4 overexpression could rescue the survivin repression mediated by miR-3546 mimic. Furthermore, luciferase reporter assay showed that SOX4 overexpression significantly augmented the activity of survivin promoter in the GMCs and HEK-293T cells, and ChIP assay revealed that SOX4 could bind to the region (-1, 278 to -853 nt) of survivin promoter. Besides, the expression level of survivin gene could affect sublytic C5b-9-induced GMC apoptosis, and the survivin overexpression greatly obstructed the GMC apoptosis mediated by miR-3546 mimic. Together, these findings implicate that the upregulation of miR-3546 and downregulation of SOX4 and survivin expression can really affect the GMC apoptosis triggered by sublytic C5b-9. Because the experiments were performed in vitro, the effects of miR-3546, SOX4 and survivin on regulation GMC apoptosis in vivo requires further investigated.
Conclusion
In summary, our current study demonstrated that miRNA profiles were changed both in the renal tissues of Thy-1N rat (in vivo) and in the GMCs stimulated with sublytic C5b-9 (in vitro), and the increase of miR-3546 expression was followed by the decrease of SOX4 and survivin both in vivo and in vitro. The upregulated miR-3546 not only enhanced GMC apoptosis, but also reduced the synthesis of SOX4 and survivin. The mechanism of SOX4 and survivin downregulation in the GMCs treated by sublytic C5b-9 was associated with direct binding of miR-3546 to SOX4 3`UTR as well as the binding of SOX4 to the region -1, 278 to -853 nt on survivin promoter, which was identified for the first time. Collectively, these data implicate that miR-3546/SOX4/survivin axis plays a promoting role in the GMC apoptosis induced by sublytic C5b-9 in rat Thy-1N. Our findings not only provide a new insight into the pathogenesis of rat Thy-1N and human MsPGN, but also supply some potential targets for treating MsPGN.
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